(1) Common frog, Rana temporaria, tadpoles inhibit the growth, prolong the development, and reduce the survival of natterjack toad, Bufo calamita, tadpoles. In a replicated pond experiment, B. calamita tadpoles treated with the faeces of R. temporaria tadpoles displayed growth inhibition. A unicellular organism was identified in tadpole faeces which is known to cause inhibition in laboratory cultures.
INTRODUCTION
The relationship between niche overlap and competition has been the subject of considerable debate over the years (e.g. Colwell & Futuyma 1971; Pianka 1974; Schoener 1974 Schoener , 1986 Abrams 1980; Strong et al. 1984; Toft 1985) . Some degree of overlap along habitat, food or temporal niche dimensions is usually considered a prerequisite for competition, but the dynamic nature of niche relationships frequently makes the elucidation of competition mechanisms difficult. This is particularly so in a temperature gradient between shoreline and deep water so that tadpoles could thermoregulate normally. Each pond was constructed from PVC liner and filled with approximately 2501 of water about 4 weeks prior to the start of experiments. Approximately 2kg of soil was added to each pond together with an inoculum of about 100 Daphnia. Any colonizing plants were removed from the ponds, and the whole area was enclosed within an 'Agriframe' fruit-cage (18mm gauge netting) to exclude predators.
Apart from the detritus and periphyton which accumulated in the ponds, no other food supplements were provided.
Experimental treatments
There were five experimental treatments, each replicated three times, as follows. In treatment (3) a wedge-shaped enclosure (120cm long by 50cm wide, 1-4mm gauge nylon mesh) was suspended in the pond so that it shelved gently to a depth of about 25 cm. This left a space of about 15 cm between the bottom of the enclosure and the bottom of the pond. R. temporaria tadpoles were placed in the enclosure so they were physically separated from the B. calamita tadpoles. B. calamita tadpoles could swim below and around the enclosure, sharing water conditioned by R. temporaria and having access to R. temporaria faeces.
In treatment (4), R. temporaria tadpole faeces was collected from the three remaining ponds which did not contain B. calamita tadpoles. A nylon mesh enclosure containing 200 R. temporaria tadpoles was installed in each of these ponds as described above. The faeces from the R. temporaria tadpoles was allowed to accumulate in three plastic trays placed on the pond bottom beneath each enclosure. At weekly intervals the trays were removed and the contents of the trays filtered off using a Buchner funnel. The extracted detritus was then added to the experimental ponds containing B. calamita tadpoles. To control for any effects on development caused by the enclosures, an empty enclosure was placed in each B. calamita pond that received faeces only.
R. temporaria tadpoles were collected from a local pond and added to the experimental ponds on 30 April 1990. For treatment (2), a cohort of large R. temporaria tadpoles was generated by raising tadpoles at room temperature (20-220C) with ad libitum food (rabbit pellets) for 3 weeks prior to the experiments. At the start of the experiment, R. temporaria tadpoles used in treatment (2) were significantly larger than those used in the other R. temporaria treatments (x ? S.D.: large frog tadpoles: 40 1 + 2 78 mm; small frog tadpoles: 31 6 ? 3 51 mm; t = 7 3; d.f. = 26; P < 0 001).
Hatchling B. calamita tadpoles were collected from a pond in southern England and added to the experimental ponds on 8 May 1990.
Development of tadpoles
The variables measured were (i) tadpole size each week, (ii) mass at metamorphosis, (iii) date of metamorphosis, and (iv) survival to metamorphosis.
Measurements of tadpoles were made at the start of the experiment and at weekly intervals throughout development. Samples of ten B. calamita tadpoles were collected from each pond, anaesthetized using benzocaine, and then measured to the nearest 0 5 mm (snout-tail tip) on waxed graph paper. After recovery from anaesthesia tadpoles were returned to their pond.
Metamorphosing amphibians were collected daily from the ponds as soon as front legs appeared. These were transferred to plastic boxes lined with damp tissue paper to complete metamorphosis. When the tail was fully resorbed the animals were blotted dry and weighed to 0.001 g precision. Date of metamorphosis was used rather than days since hatching as precise date of hatching was not known.
Survival was determined as the proportion of animals completing metamorphosis in each pond. A small proportion of R. temporaria may have emerged from the ponds undetected, and therefore survival for this species may be a slight underestimate.
Counts of inhibitory unicells
Tadpole faeces were examined for the presence of the unicell described by Beebee (in press) which is known to cause growth inhibition under laboratory conditions.
On weeks 1 and 4 of the experiment a sample of five B. calamita or five R. temporaria tadpoles was removed from each pond and placed in a glass dish with a 2-cm depth of clean water. After 1 h, the tadpoles were replaced in the pond, and the faecal material remaining in the glass dish pipetted into a centrifuge tube. After a short spin (5 min at 2500 rpm) the pellet was resuspended and agitated in 1 ml of water. From each sample two subsamples of the suspension were then examined under a light microscope for the presence of the inhibitory cells described by Beebee (in press). Counts of any inhibitory cells present were made using a haemocytometer, and expressed as mean number of cells per tadpole h-'.
Statistical analyses
As tadpole growth is related to tadpole density, measurements of individual tadpole size cannot be treated as independent observations. Analyses of tadpole length and mass at metamorphosis were therefore performed on the means for each pond. Mean tadpole length, mean mass at metamorphosis and date of metamorphosis were log-transformed prior to analyses. Survival was expressed as the proportion of tadpoles reaching metamorphosis and was arcsine-transformed. Tukey's test showed that deviations from additivity between the treatments were non-significant (All F-ratios non-significant at P > 0.05). Univariate analyses of variance were performed to test for homogeneity between treatments. Comparisons between treatment means were made using the Student-Newman-Keuls test (Snedecor & Cochran 1967) .
RESULTS

Overlap between R. temporaria and B. calamita tadpoles in development
In all treatments R. temporaria commenced metamorphosis at least 15 days before B. calamita (Fig. 1 ). This resulted in B. calamita being subject to steadily decreasing densities of R. temporaria as metamorphosis proceeded. Differences in the timing of metamorphosis were particularly marked in ponds with fully interacting R. temporaria. In these two treatments over 85% of R. temporaria emerged before the onset of B. calamita metamorphosis, and the difference between the two species in median date of metamorphosis was 30 days or more. The earliest R. temporaria to metamorphose were those in the large tadpole treatment. In the two treatments where they were raised in enclosures, the development of R. temporaria was more prolonged, resulting in a higher degree of overlap with the target B. calamita tadpoles. However, at least 35% of R. temporaria raised in enclosures metamorphosed before the start of B. calamita metamorphosis in the corresponding ponds, and the difference between the two species in median date of metamorphosis was at least 7 days.
10-
Effects on the development of B. calamita tadpoles Treating B. calamita tadpoles with fully interacting frogs, frog-water + faeces, or frog faeces alone resulted in reduced growth during development (Fig. 2) . Mean size did not differ between treatments at the start of the experiment (F4,8 = 1*06, P > 0.05) but a significant treatment effect was observed after only 1 week (Tables 1,2 ). Even at this early stage, B. calamita treated with frog faeces or frog-water + faeces were significantly smaller than controls. B. calamita tadpoles raised under fully interacting conditions with R. temporaria displayed the highest level of growth inhibition, but there were no significant differences between the effects of large and small R. temporaria tadpoles. By week 8, however, metamorphosis was under way and there was no longer any difference in size between treatments. Moreover, mean mass of B. calamita at metamorphosis also did not differ between treatments.
Date of metamorphosis in B. calamita was synchronized between control, faeces, and frog-water + faeces treatments (Fig. 1, Table 1) with small R. temporaria, but there was no difference between these treatments in median date of metamorphosis.
Survival of B. calamita was variable within treatments, but was highest in the control group (Table 1) . However, the differences in survival between control and faeces treatments, and between control and frog-water + faeces treatments, were not statistically significant (Table 2) . Survival was lowest in B. calamita tadpoles raised under fully interacting conditions with R. temporaria, but again, large and small R. temporaria tadpoles did not differ in their effects.
There were no consistent correlations between mass at metamorphosis and date of metamorphosis in any of the treatments.
Comparisons between R. temporaria tadpoles
Free-swimming R. temporaria tadpoles displayed higher survival, and metamorphosed at a larger size, than those raised in enclosures (Table 3) . R. temporaria in the large tadpole treatment metamorphosed earlier than those in the small tadpole treatment (Student-Newman-Keuls test, P < 0.05), but these groups did not differ in survival or in mass at metamorphosis (S-N-K tests, P> 0.05).
Counts of inhibitory unicells
Inhibitory unicells were not reliably identified from any faecal samples collected on week 1. By week 4, however, the cells were observed in samples collected from both R. temporaria and B. calamita (Table 4) . On average, free-swimming R. temporaria tadpoles produced more cells than those raised in enclosures, and large tadpoles produced more cells than small tadpoles. Likewise, among the B. calamita tadpoles, those raised with large R. temporaria displayed the highest rate of cell production. As four R. temporaria and five B. calamita samples failed to reveal the presence of cells, however, rigorous statistical comparisons are confounded by high withingroup variances.
DISCUSSION
The results show that growth inhibition in tadpoles can be mediated by the faeces of competitors. Growth inhibition cannot be attributed to the presence of enclosures in ponds as previous work has shown that these have no effect on B. calamita development (Griffiths, 1991) . As tadpoles treated with faeces displayed the same degree of inhibition as those treated with frog-water + faeces, the inhibitor is more likely to be a cell released with the faeces than a diffusible molecule. Moreover, the presence in tadpole faeces of the inhibitory cell described by Beebee (in press) suggests that any organism responsible for growth inhibition in these experiments is the same one that he isolated and described from laboratory cultures. This organism is probably an alga, and is similar to the one originally described by Richards (1958 Richards ( , 1962 . Other evidence for a cellular rather than a molecular inhibitor stems from laboratory trials. Water conditioned by crowded tadpoles loses its inhibition properties if filtered, frozen, or treated with copper sulphate solution which may kill the cell (Murray 1990 ; Beebee, in press). The failure by Morin & Johnson (1988) to detect growth inhibitors in a replicated pond experiment may therefore have been because they omitted to test the inhibitory properties of pond sediments in their laboratory bioassays. Less clear, however, is why Petranka (1989) failed to find consistent evidence for growth inhibitors occurring in natural ponds. Further work is clearly necessary to determine the conditions under which cell-mediated inhibition operates in nature.
B. calamita tadpoles raised under fully interacting conditions with R. temporaria displayed the highest degree of growth inhibition, longest development and lowest survival. Under such conditions, several competition mechanisms may be operating. R. temporaria tadpoles may physically interfere with B. calamita feeding, deplete food resources, and inhibit growth by releasing growth inhibitors. As there were differences in development between R. temporaria tadpoles raised in enclosures and those free-swimming with B. calamita, partitioning overall competition into faecalmediated and non-faecal-mediated components by comparing these treatments is problematical. R. temporaria in fully interacting treatments also produced larger numbers of inhibitory cells than those raised in enclosures. However, overall tadpole growth was much slower than observed in previous years, when otherwise comparable treatments were administered with food supplements (Griffiths, 1991) . This suggests that in the present experiments tadpoles may have been food-limited in addition to suffering from the effects of growth inhibitors.
Early metamorphosis of R. temporaria resulted in B. calamita being subject to a progressively declining level of interspecific competition. Thus, growth inhibition was most severe early in B. calamita development when the density of competitors was highest. As development proceeded and R. temporaria started metamorphosing, however, interspecific competition was ameliorated. By the time B. calamita metamorphosed, growth retrieval was complete, and those raised with R. temporaria metamorphosed at the same size as those raised without competitors.
Why then, does B. calamita still display prolonged development and reduced survival under competitive release? Wilbur & Alford (1985) point out that temporary ponds become increasingly nutrient-limited with age. In older ponds, some nutrients will have become tied up in plant growth, while others will have been depleted and exported from the system by earlier developing amphibians. Thus, even when two species are seasonally separated indirect exploitative competition may occur. Morin, Lawler & Johnson (1990) suggested that such a deterioration of pond quality was the reason why a late cohort of tree-frog tadpoles performed less well than an earlier cohort. In nature a protracted period of development would expose natterjacks to aquatic predators for longer, and increase the risk of mortality as a result of pond desiccation (Wilbur 1980) . Growth retrieval in populations could be achieved in one of two ways. Firstly, the growth rate of individuals could increase as competition is ameliorated, thus compensating for the inhibition incurred earlier in life. In an experiment investigating the effect of food ration on tadpole development, Beebee (1983) showed that B. calamita tadpoles responded to food stress by displaying a synchronous pattern of reduced growth, lending support to this hypothesis. Alternatively, if survival is size-dependent, mean body size within the population will increase as the smaller individuals die. Thus, only the largest animals will survive and, in amphibians, will metamorphose at the same size as controls raised without competitors. As previous studies have consistently shown that size at metamorphosis is reduced in a competitive situation (e.g. Although large R. temporaria tadpoles were initially about 10 mm larger than small R. temporaria tadpoles, there was no difference between the two groups in mass at metamorphosis. This was because large R. temporaria tadpoles metamorphosed before those in other treatments, which then continued to grow for a further period prior to metamorphosis. Large R. temporaria tadpoles consume more food and also produce more inhibitory cells than small tadpoles, and might be more serious competitors for B. calamita. As large R. temporaria tadpoles metamorphose earlier, however, inhibited B. calamita have a longer time for growth retrieval. This may explain why there were only very marginal differences in the effects of large and small R. temporaria tadpoles on the development of B. calamita.
Further studies on the life cycle of the inhibitory unicell are needed before its precise role in mediating competition in tadpoles can be determined. Clearly, in many communities interspecific competition may be driven by a suite of both interference and exploitative mechanisms operating synergistically. In organisms which display complex life cycles, the relative importance of different mechanisms may be size-and stage-specific, and ultimately dictated by temporal overlap between the component species.
